Objective: To investigate the effect of different ventilation settings on hemodynamic stability in severe controlled hemorrhagic shock. Design: Prospective, randomized, controlled animal study. Setting: Research laboratory in a university hospital. Subjects: Approximately 35-45 kg domestic pigs. Interventions: Twenty-four domestic pigs were bled 45 mL/kg (estimated 65% of their calculated blood volume) and then ventilated with either 0 cm H 2 O positive end-expiratory pressure and a respiratory rate of 14 ventilations/min (positive end-expiratory pressure 0 respiratory rate 14), or with 5 cm H 2 O positive end-expiratory pressure, a respiratory rate of 28 ventilations/min, and a tidal volume reduced by half (positive end-expiratory pressure 5 respiratory rate 28), or with 5 cm H 2 O positive end-expiratory pressure and a respiratory rate of 14 ventilations/min (positive end-expiratory pressure 5 respiratory rate 14). After 1 hr study phase surviving animals, received fluid resuscitation and were monitored for further 1 hr. Measurements and Main Results: Pulmonary variables, hemodynamic variables, and short-term survival. There were no significant differences in mean arterial blood pressure and cardiac index after hemorrhage. After 20 mins of different ventilation strategies mean arterial blood pressure was 40 ؎ 3 mm Hg in the positive end-expiratory pressure 0 respiratory rate 14 group, vs. 24 ؎ 6 mm Hg the positive end-expiratory pressure 5 respiratory rate 28 group (p < 0.05) vs. 19 ؎ 3 mm Hg in the positive end-expiratory pressure 5 respiratory rate 14 group (p < 0.01). Cardiac index was 65 ؎ 5 mL/min/kg in the positive end-expiratory pressure 0 respiratory rate 14 group vs. 37 ؎ 5 mL/min/kg in the positive end-expiratory pressure 5 respiratory rate 28 group(p < 0.01) and 20 ؎ 3 mL/ min/kg in the positive end-expiratory pressure 5 respiratory rate 14 group (p < 0.01). Mean airway pressure and positive end-expiratory pressure correlated strongly with mean arterial blood pressure and cardiac index. None of the positive end-expiratory pressure 0 respiratory rate 14 animals died in the study phase, whereas six of seven positive end-expiratory pressure 5 respiratory rate 28 animals, and all seven positive end-expiratory pressure 5 respiratory rate 14 animals died. Conclusions: In this porcine model of severe hemorrhagic shock, reduction of positive end-expiratory pressure was the most important ventilation strategy component influencing hemodynamic stability. Reducing mean airway pressure by decreasing tidal volumes and increasing respiratory rates seemed to have less influence on cardiopulmonary function and survival than 0 cm H 2 O positive endexpiratory pressure. (Crit Care Med 2008; 36:2613-2620)
O utcome of major trauma victims is still poor, especially when collapsing blood pressure is imminent (1) . One important component in advanced trauma care is early tracheal intubation and mechanical ventilation, which significantly improves outcome (2, 3) . However, ventila-tion management in trauma patients after intubation in the field is derived from anesthesia practice in the operating room since specific recommendations are lacking (3, 4) . Although a moderate positive endexpiratory pressure (PEEP) of 5 cm H 2 O is widely employed during routine anesthesia to compensate for reduced functional residual capacity and to improve oxygenation, (5, 6) PEEP-mediated intrathoracic pressure has a significant negative impact on venous return, and in consequence on blood pressure and survival in severe hemorrhagic shock (7, 8) . Thus, the wellintended strategy to optimize pulmonary function with PEEP in hemorrhagic shock may result in inadvertent severe adverse circulatory effects, especially when arterial blood pressure is unstable.
In previous studies, increasing PEEP levels had adverse effects on cardiovascular functions in severe hemorrhagic shock when tidal volume or respiratory rate (RR) was kept constant, which may be due to increased intrathoracic pressures (8, 9) . Thus, it is possible that a certain RR could be combined with PEEP to ensure both optimized oxygenation without a negative impact on blood pressure. This may be important since even seemingly minor differences in systolic blood pressure have profound impact on mortality after posttraumatic hypotension (10) . Accordingly, we assessed the effects of 0 cm H 2 O PEEP with a RR of 14 ventilations/min and a constant tidal volume, of 5 cm H 2 O PEEP with a RR of 28 ventilations/min and a by half-reduced tidal volume, and of 5 cm H 2 O PEEP with a RR of 14 ventilations/min and a constant tidal volume in a porcine model of severe hemorrhagic shock. Study end points were hemodynamic variables, pulmonary variables, blood gases, and shortterm survival; our null-hypothesis was that there would be no differences in study end points between groups.
MATERIALS AND METHODS
This project was approved by the Austrian Federal Animal Investigational Committee, and the animals were managed in accordance with the American Physiologic Society, institutional guidelines, and Position of the American Heart Association on Research Animal Use. Animal care and use was performed by qualified individuals, supervised by a veterinarian, and all facilities and transportation comply with current legal requirements and guidelines according to Utstein guidelines (11) . Our animal facilities meet the standards of the American Association for Accreditation of Laboratory Animal Care. Anesthesia was used in all surgical interventions, all unnecessary suffering was avoided, and research would have been terminated if pain or fear resulted.
Surgical Preparations and Measurements. This study was performed on 24 healthy, 12-to 16-wk-old swine weighing 35-45 kg. The animals were fasted overnight, but had free access to water. The pigs were premedicated with azaperone (4 mg/kg intramuscular [IM], neuroleptic agent, Stresnil™, Janssen, Vienna, Austria) and atropine (0.1 mg/kg IM) 1 hr before surgery. Anesthesia was induced with a bolus dose of ketamine (20 mg/kg IM), propofol (1-2 mg/kg intravenously), and piritramid (30 mg intravenously, opioid with ϳ4 -8 hrs half life, Dipidolor™, Janssen, Vienna, Austria) given through an ear vein. The animals were placed in a supine position, and the trachea was intubated during spontaneous respiration. After intubation, pigs were ventilated with a volume-controlled ventilator (Evita 4, Draeger, Luebeck, Germany) with 35% oxygen at 14 breaths/min, with an inspiratory to expiratory ratio of 1:2, and a tidal volume adjusted to maintain normocapnia, which was defined by an arterial PACO 2 of PEEP, positive end-expiratory pressure; MRAP, mean right arterial pressure; MPAP, mean peak airway pressure; PCWP, pulmonary capillary wedge pressure; PetCO 2 , end-tidal CO 2 .
35-45 mm Hg. Furthermore, a PEEP of 5 cm H 2 O was applied. Anesthesia was maintained with propofol (6 -8 mg/kg/h) and a single injection of piritramid (30 mg). Lactated Ringer's solution (10 mL/kg/h) was administered in the preparation phase (12) . A standard lead II electrocardiogram was used to monitor cardiac rhythm; depth of anesthesia was judged according to arterial blood pressure, heart rate, and electroencephalography. If cardio-vascular variables or electroencephalography indicated a reduced depth of anesthesia, additional propofol and piritramid were given. Body temperature was maintained between 38.5-39.5°C. A 7F saline-filled catheter was advanced via femoral cut-down into the right atrium for measurement of right atrial pressure, and two 7F catheters were advanced via bilateral femoral cut-down into the abdominal aorta for measurement of aortic blood pressure, withdrawal of blood to induce hemorrhagic shock, and arterial blood samples. A 7.5F pulmonary artery catheter was placed in the pulmonary artery via cut down in the neck to measure cardiac output. Cardiac output was measured with the thermodilution technique and cardiac index calculated by cardiac output in mL/ min divided through the weight of the individual animal (result in mL/min/kg). The intravascular catheters were attached to pressure transducers (model 1290A, Hewlett Packard, Bö blingen, Germany) that were aligned at the level of the right atrium. All pressure tracings were recorded with a data acquisition system (Dewetron port 2000, Graz, Austria). Blood gases were measured with a blood gas analyzer (Chiron, Walpole, MA); end-tidal carbon dioxide was measured using an infrared absorption analyzer (Multicap, Datex, Helsinki, Finland).
Experimental Protocol. Before the experiment, animals were ventilated with 100% oxygen, 5 cm H 2 O PEEP, a RR of 14 ventilations/ min and the previously adjusted tidal volume to maintain normocapnia. After assessing baseline hemodynamic values, airway/ventilation parameters, and blood gases, the propofol infusion was adjusted to 2 mg/kg/h and infusion of lactated Ringer's solution was stopped before induction of the experiment. Based on experiences from previous pilot and other hemorrhagic shock studies (8, 9) , we then bled 45 mL/kg (an estimated 65% of their calculated blood volume) via an arterial catheter over a period of 30 mins to simulate severe hemorrhagic shock (13) . After 30 mins of hemorrhage hemodynamic values, airway/ ventilation parameters, and blood gases were measured again. At this point in time, animals were randomized into three groups (n ϭ 8), and then ventilated with either 0 cm H 2 O PEEP with a RR of 14 ventilations/min (PEEP 0 RR 14), or with 5 cm H 2 O PEEP with a RR of 28 ventilations/min (PEEP 5 RR 28), or with 5 cm H 2 O PEEP with a RR of 14 ventilations/ min (PEEP 5 RR 14) (Fig. 1) . The tidal volume that was set individually in the preparation phase according to blood gas analysis was kept constant in each animal in the PEEP 0 RF 14 and PEEP 5 RF 14 groups; whereas, in the PEEP 5 RF 28 group, tidal volume was reduced by half of the previously one used in the preparation phase. All investigators were blinded to the treatment protocol. No fluids were administered during the following 60 mins interventional phase; hemodynamic values, airway/ventilation parameters, and blood gases were measured every 20 mins during the interventional phase. After 60 mins of the interventional phase, fluid resuscitation (25 mL/kg lactated Ringer's, and 25 mL/kg 3% gelatin solution) was started in all surviving pigs. Hemodynamic values, airway/ventilation parameters, and blood gases were determined after 80, 100, and 120 mins during the fluid resuscitation phase. In this phase, all animals were ventilated with 100% oxygen, 5 cm H 2 O PEEP, a RR of 14 ventilations/min and the tidal volume that was used before the study phase at baseline. Animals were pronounced dead when mean arterial blood pressure fell below 10 mm Hg, and end-tidal carbon dioxide fell below 5 mm Hg. At the end of the 60 mins fluid resuscitation phase, surviving animals were killed with an overdose of piritramid, propofol, and potassium chloride. Statistical Analysis. Objects characteristics were summarized with mean Ϯ SD, and range. Calculations were performed by using SPSS (version 15.0, SPSS, Inc, Chicago, IL) software.
Kolmogorov-Smirnov test was used to proof for normality. Differences between groups were evaluated with analysis of variance or Kruskal-Wallis test and a further subinvestigation was done with a post hoc analysis or Mann-Whitney U tests. Differences for repeated measurements were evaluated with a Student's t test for paired samples or with a Wilcoxon test. Correlation analyses were performed by using the Pearson or the Spearman correlation coefficient. A correlation coefficient of 0.2-0.49 was interpreted as low, 0.5-0.69 as moderate, 0.7-0.9 as high, and greater than 0.9 as very high.
Survival rates were compared using Kaplan-Meier method with log-rank test comparisons of cumulative survival by treatment group. All reported p values were two-sided and a type I error level of 5% was used. Where necessary, correction with the Bonferroni method for multiple comparisons was performed to p Ͻ 0.017 being considered statistically significantly. Calculations were performed by using SPSS (version 15.0) software. To avoid overinterpretation of statistical methods by only presenting the statistically significant p values (14) , we present all p values for all statistical comparisons within text, tables, and figures where possible; p values below 0.017 are given in bold within tables for better orientation.
RESULTS
Before induction of hemorrhage, there were no differences in hemodynamic variables, airway pressures, and blood gases between groups (Tables 1-3 ). After hemorrhage, mean arterial blood pressure, cardiac output, and central venous pressure were significantly decreased when compared with baseline values, but comparable between groups. Total blood loss was comparable between groups.
PEEP 0 RR 14 significantly increased mean arterial blood pressure and cardiac index while these parameters remained constant in the PEEP 5 RR 28 group and constantly decreased in the PEEP 5 RR 14 animals ( Fig. 2A and B) . After the hemorrhage, end-tidal carbon dioxide increased both in the PEEP 0 RR 14 and the PEEP 5 RR 28 group, and declined significantly in the PEEP 5 RR 14 animals (Table 1) . When compared with the PEEP 5 RR 14 animals, reduction of PEEP from 5 to 0 cm H 2 O in the PEEP 0 RR 14 and decrease of tidal volume only in the PEEP 5 RR 28 group significantly decreased peak-and mean-airway pressure. Although peak airway pressure was higher in the PEEP 0 RR 14 group compared with the PEEP 5 RR 28 group, mean airway pressure was significantly lower ( Table 2 ). After 20 mins in the interventional phase, arterial oxygen partial pressure was higher in the PEEP 5 RR 14 compared with the PEEP 0 RR 14 group. Blood lactate concentration was higher in the PEEP 5 RR 14 compared with the PEEP 5 RR 28 animals, and higher in the PEEP 5 RR 28 compared with the PEEP 0 RR 14 animals, respectively (Table 3) . Base excess was higher in the PEEP 0 RR 14 compared with both PEEP 5 groups, and lower in the PEEP 5 RR 28 compared with the PEEP 5 RR 14 animals, respectively ( Table 3 ). None of the PEEP 0 RR 14 animals died, whereas six of seven PEEP 5 RR 28 animals died within the interventional phase, and all seven PEEP 5 RR 14 animals died within 30 mins of the interventional phase. Analysis for cumulative survival and generalized logrank test showed superiority of the PEEP 0 RR 14 animals (all 60 mins) in comparison with both the PEEP 5 RR 14 group (p Ͻ 0.000; mean of 13 mins) and the PEEP 5 RR 28 group (p Ͻ 0.001; mean of 31 mins); whereas survival time for PEEP 5 RR 28 was significantly improved over the PEEP RR 14 animals, too (p Ͻ 0.002; Fig. 3 ). When fluid resuscitation was initiated, hemodynamic variables and blood gases improved in the PEEP 0 RR 14 group (n ϭ 7) and in the last remaining PEEP 5 RR 28 animal.
Peak airway pressure correlated weakly with mean arterial blood pressure (R ϭ Ϫ0.333; R 2 ϭ 0.111 p Ͻ 0.225) and weakly with cardiac index (R ϭ Ϫ0.384; R 2 ϭ 0.147; p Ͻ 0.158) ( Fig. 4A and B) . In contrast, mean airway pressure correlated strongly with mean arterial blood pressure (R ϭ Ϫ0.813; R 2 ϭ 0.661; p Ͻ 0.000) and cardiac index (R ϭ Ϫ0.855; R 2 ϭ 0.731; p Ͻ 0.000) ( Fig. 5A and B) .
DISCUSSION
In this model of severe controlled hemorrhagic shock, ventilation with 5 cm H 2 O PEEP and a RR of 14 resulted in death within 30 mins; distributing the same minute ventilation by doubling the RR and reducing tidal volume by half produced only marginally better hemodynamic variables and improved survival rate by 40%-60% for as much as 20 mins longer. The 0 cm H 2 O PEEP improved arterial blood pressure compared with posthemorrhage, ensured survival for Ͼ60 mins, and allowed subsequent hemodynamic stabilization with fluid resuscitation in all animals.
Our pigs had a mean arterial blood pressure of ϳ20 mm Hg immediately before randomization, indicating a critically decreased vital organ perfusion. A patient in this condition is most likely uncon- scious, and is usually intubated and ventilated to ensure adequate oxygenation and carbon dioxide elimination (15) . We deliberately withheld vasopressor and fluid resuscitation in our pigs for 60 mins to investigate the effects of different ventilation strategies over a prolonged period of time. Fluid therapy was then subsequently started to simulate further shock management in the emergency room.
We suggest that the present study is a valid and established tool to assess a given ventilation strategy in a model simulating severe controlled hemorrhagic shock (8, 9) . Although minute ventilation volumes were comparable between all groups, PACO 2 was significantly higher in the PEEP 5 RR 28 group in the intervention phase. Because tidal volumes were smaller in this group compared with the PEEP 0 RR 14 and PEEP 5 RR 14 groups, the increased PACO 2 may be due to a higher percentage of dead space ventilation. Further, both the PEEP 5 RR 14 and PEEP 5 RR 28 group animals were significantly better oxygenated than those of the PEEP 0 RR 14 group after 10 mins in the interventional phase, which might be a sign of a PEEP-induced better gas exchange (5, 6) . However, in a previous study constant ventilation in extreme shock states resulted in better arterial oxygenation the more the blood flow decreased due to reduced oxygen consumption (16) . Thus, the better arterial oxygenation in the PEEP 5 RR 14 and PEEP 5 RR 28 groups compared with the PEEP 0 RR 14 group may be simply a sign of the decreased blood flow in both PEEP 5 cm H 2 O groups and not of a disturbed pulmonary function in the 0 cm H 2 O PEEP group. Nevertheless, even 0 cm H 2 O PEEP resulted in sufficient oxygenation and carbon dioxide elimination.
PEEP had a major influence on hemodynamic and pulmonary variables. Positive pressure and PEEP ventilation increased intrathoracic pressure, and induced parallel increases in right atrial blood pressure, causing decreased venous return (7, 8) . Thus, not only survival or hemodynamic parameters such as mean arterial blood pressure and cardiac index were significantly improved in the PEEP 0 RR 14 group, most indirect perfusion parameters such as EtCO 2 , lactate concentration, base excess, and mixed venous oxygen were better as well, compared with PEEP 5 RR 14 and PEEP 5 RR 28 groups. Higher EtCO 2 in the PEEP 5 RR 28 compared with the PEEP 0 RR14 despite lower blood flow could be most probably explained by more dead space ventilation; a fact that is also visible in the linear difference in PACO 2 and PVCO 2 between both groups as well. The high PVCO 2 in the PEEP 5 RR 14 group can be explained by decreased and slow blood flow through peripheral tissues. This becomes visible, as well, in the strong decrease from PVCO 2 to Paco 2 after lung passage compared with the PEEP 0 RR 14 animals despite comparable tidal and minute ventilation volumes; such a rapid decrease is a strong marker for hypoperfusion (11) .
In contrast, high airway pressures in the PEEP 5 RR 14 group resulted in rapid cardiovascular collapse and death. Interestingly, the PEEP 5 RR 28 animals were on a low hemodynamic level, less instable than those of the PEEP 5 RR 14 group, although only one pig survived the 60 mins of the intervention phase. This may indicate better venous return in the PEEP 5 RR 28 group compared with the PEEP 5 RR 14 group. In consequence, PEEP may be an important but not the exclusive factor influencing hemodynamic stability in this experiment. Interestingly, although the peak airway pressure was even higher in the PEEP 0 RR 14 group than that of the PEEP 5 RR 28 group, which could be explained by the insufflated higher tidal volumes, the PEEP 0 RR 14 animals had the most stable cardiocirculatory function. This may indicate a minor role of isolated increased peak airway pressures on venous return. Because PEEP has major but not exclusive, and peak airway pressure only a minor influence on blood flow, there must be a further airway parameter influencing blood flow. In fact, mean airway pressure showed a linear correlation with mean arterial blood pressure, or cardiac index. The dependence of venous return from mean and end-expiratory airway pressures may explain why applying 0 cm H 2 O PEEP during the expiration phase seem to be a very effective method to improve hemodynamic function in acute hemorrhagic shock states (17, 18) , which can be lifesaving (10) .
Our results indicate that survival may be improved by 40%-60% for as much as 20 mins longer with the application of a ventilation strategy using increased RR and reduced tidal volume, which may be in accordance with previous studies (19, 20) . Such a strategy could provide the critical time required to intervene with life-saving resuscitation.
One important limitation was that blood loss was controlled, and the effect of PEEP during uncontrolled bleeding needs to be determined. Although 5 cm H 2 O PEEP is typically used during anesthesia in the operating room other PEEP levels may have to be evaluated as well in severe hemorrhagic shock. Furthermore, we did not use a transport ventilator, but an intensive care unit ventilator for more exact measurements, and all our animals were young and healthy. Last, our results are only valid for this model of hemorrhagic shock and cannot be extrapolated to other forms of hypotension or shock.
In conclusion, in this porcine model of severe hemorrhagic shock, reduction of PEEP was the most important ventilation strategy component influencing hemodynamic stability. Reducing mean airway pressure by decreasing tidal volumes and increasing RRs seemed to have less influence on cardiopulmonary function and survival than 0 cm H 2 O PEEP. 
